The goal of this work is to create a detailed three-dimensional (3D) digital breast phantom based on empirical data and to incorporate it into the four-dimensional (4D) NCAT phantom, a computerized model of the human anatomy widely used in imaging research. Twenty sets of high-resolution breast CT data were used to create anatomically diverse models. The datasets were segmented using techniques developed in our laboratory and the breast structures will be defined using a combination of non-uniform rational b-splines (NURBS) and subdivision surfaces (SD). Imaging data from various modalities (x-ray and nuclear medicine) were simulated to demonstrate the utility of the new breast phantoms. As a proof of concept, a simple compression technique was used to deform the breast models while maintaining a constant volume to simulate modalities (mammography and tomosynthesis) that involve compression. Initial studies using one CT dataset indicate that the simulated breast phantom is capable of providing a realistic and flexible representation of breast tissue and can be used with different acquisition methods to test varying imaging parameters such as dose, resolution, and patient motion. The final model will have a more accurate depiction of the internal breast structures and will be scaleable in terms of size and density. Also, more realistic finite-element techniques will be used to simulate compression. With the ability to simulate realistic, predictive patient imaging data, we believe the phantom will provide a vital tool to investigate current and emerging breast imaging methods and techniques.
I. INTRODUCTION
Computer phantoms are becoming an essential tool for use in medical imaging research because of the difficulty in obtaining real human data because of subject recruitment issues and radiation dose considerations. Computer phantoms are advantageous in that they can be modified in terms of size and tissue distribution and they provide a known truth from which to evaluate imaging devices and techniques. The four dimensional (4D) non-uniform rational b-splines (NURBS) based Cardiac-Torso (NCAT) 1-5 phantom ( Fig.1 ) was developed by Segars et al to provide a realistic and flexible anatomical and physiological model of the human torso for use in nuclear medicine research, specifically SPECT and PET. The NCAT anatomy was originally based on the Visible Male CT dataset from the National Library of Medicine (NLM) 6, 7 . The anatomical detail of the NCAT phantom was recently enhanced and extended to include detailed structures from head to toe with the purpose of making the phantom applicable to high-resolution imaging modalities such as MRI and X-ray CT. The work included updating the original template for the male anatomy and the creation of a separate template for the female anatomy based on the Visible Female data from the NLM 6, 7 . Despite this advancement, the female anatomy of the NCAT phantom only uses a simple outer surface to model the breast and does not include any detailed structures. As a result, the NCAT is limited in its application to breast imaging research.
Breast imaging is an important area of research with many new techniques being investigated to further reduce the morbidity and mortality of breast cancer through early detection. There have been several computerized 3D breast phantoms created, all based either on voxelization of real subject data or mathematical models based on geometric primitives [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Bakic et al created synthetic x-ray mammograms using a 3D simulated breast tissue model consisting of glandular and adipose tissues as well as a ductal tree all undergoing a simulated mammographic compression deformation model [13] [14] [15] . Bliznakova et al utilized a combination of voxel matrices and geometric primitives to create a breast phantom that includes the breast surface, the duct system, and terminal ductal lobular units, Cooper's ligaments, the pectoral muscle, the 3D mammographic background and breast abnormalities. Simulated fan beam projections of the non-compressed phantom were used to generate mammographic images of different breast models and compared to real mammograms in order to evaluate how realistic the simulations appeared 16 . Hoeschen et al created a voxelized breast phantom, consisting of segmented skin, adipose, and breast tissue, from high resolution CT data of compressed breast specimens taken from cadavers for the purpose of mammographic dose calculations 17 . Zhou et al created a 3D breast phantom which included models of ductal structures, fibrous connective tissue, coopers ligaments, pectoralis muscle, lesions, and structural noise. Low dose tomosynthesis projections were simulated and reconstructed using 3 different algorithms to evaluate the detectability of masses under low-contrast situations 19 .
The goal of this work is to create a detailed 3D computer generated breast phantom based on empirical data using a combination of NURBS and subdivision surfaces (SD). The phantom will be incorporated into the 4D NCAT phantom in order to make it applicable to breast imaging research.
II. METHODS

Image Acquisition and Reconstruction
Twenty high-resolution breast CT datasets were acquired with a prototype cone beam CT dedicated breast imaging system [23] [24] [25] [26] [27] . The imaging geometry utilizes a breast which is uncompressed and pendant. Five hundred projections were acquired with a total dose equivalent to dual-view mammography. The image quality of the CT reconstructions was degraded due to scatter radiation and considerable quantum noise due to the low dose used for acquisition. To correct for this, we used a method developed by a colleague to perform scatter and noise correction on the breast CT projection images prior to reconstruction with minimal loss of spatial resolution 28 . The original CT projections were reconstructed using this technique with a resolution of 400 µm. Figure 2 shows the original reconstructed CT data compared to a reconstruction performed using the denoising technique. 
Segmentation
To analyze the breast CT datasets, we developed a semi-automatic segmentation algorithm. The algorithm consisted of the following steps. The denoised data first underwent median filtering in order to further suppress noise that would degrade tissue classification. A mask was created by thresholding to remove the background from the data. Next, the local standard deviation of the dataset was found for a 3x3 neighborhood and then thresholded in order to segment the skin. The skin was then removed and then an initial segmentation of the adipose and fibroglandular tissue was done using K-means clustering with user-defined cluster centers. Region growing was implemented based on gray level values and a distance metric to extend the defined segmented areas to additional regions. Morphological operations were used to bridge gaps and fill holes to further connect the defined fibroglandular regions. Finally, obvious non-fibroglandular voxels that were mis-classified by the morphological dilation operations were removed in the final step based on their gray level values.
This method was used to segment a given CT dataset into 3 materials: skin, fibroglandular tissue, and fat (Fig. 3) .
Original Denoised
Phantom Development
A mathematical breast phantom was created by using a marching cubes algorithm on the segmented data to generate an initial polygon mesh. After undergoing a mesh optimization routine from the Visualization Toolkit (VTK), the resultant mesh was stored as an initial input to a subdivision surface 29 model to incorporate into the NCAT phantom. 
Simulated Compression
As an initial proof of concept, a simple compression algorithm was implemented on the phantom to illustrate its flexible nature. The algorithm compressed in one dimension, simulating compression between stiff plates, and extends the breast in the other dimensions in order to maintain the same volume. The varying mechanical properties of the different tissues were not considered. We plan to utilize a more realistic finite-element based technique in the future. 
III. RESULTS
X-ray imaging systems were modeled as analytical noise free simulators 1, 4 in order to test how the computer simulated compressed breast phantom would appear during simulated mammography and tomosynthesis acquisitions.
For the mammogram acquisition, the cranio-caudal view was simulated and material characteristics for fibroglandular and skin tissues were chosen to be the same as muscle. A sigmoid output transform was applied to display the simulated image in an optimal manner.
Uncompressed Phantom
Compressed Phantom Simulated Real For the tomosynthesis simulated acquisition, we modeled the geometry after the prototype Siemens Mammomat Novation TOMO system, simulating 25 projections acquired over 45 o . The fibroglandular and skin tissues were again defined to have the same material characteristics as muscle and 21 keV was used to define their attenuation characteristics. The final simulated tomosynthesis dataset was reconstructed with Seimens' proprietary filtered-backprojection algorithm 30 . Figures 6 and 7 show a comparison of simulated results to those obtained from human subjects. The simulated results compare very favorably to the human subject images. However, there are some artifacts due to the surface sub-sampling in our model, as well as some issues due to the low resolution of our simulated image acquisition. These issues will be addressed in future work.
In addition to x-ray modalities, the breast phantom also has application in nuclear medicine (PET and SPECT). To illustrate this, we generated SPECT data of the breast phantom simulating the uptake of Tc-99m Sestamibi. For this simulation, we included an 8 mm diameter spherical lesion with an uptake ratio of 10:1 relative to the background. The reconstructions were done using a 140 keV attenuation map to correct for effects due to attenuation. Figure 8 shows the breast phantom as used to simulate SPECT imaging data. Similar methods can be done to simulate PET imaging data. 
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IV. DISCUSSION
In this work, we developed an initial breast phantom based on empirical data and tested the feasibility of using it to simulate various breast imaging modalities. We developed methods to efficiently segment breast CT imaging data and to define 3D models for the detailed structures within the breast. These methods form the basis for future work. The segmentation algorithm will be further refined in order to account for high frequency texture detail which is not currently visible. The surface modeling will be further refined in order to remove any sub-sampling artifacts. We will also use finite element techniques [31] [32] [33] which take the different material mechanical properties of the different breast tissues into account in order to accurately model realistic breast compression. Figure 9 shows an example of how we plan to use finite element techniques to simulate breast compression. The final breast models incorporated into the NCAT phantom will have a more precise representation of the internal breast structures and will be scaleable in terms of size and density.
We conclude that the incorporation of a detailed breast model into 4D NCAT will provide an important tool in breast imaging research. It has the potential to be quite useful in the investigation of current and emerging techniques used in the diagnosis of breast cancer.
